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The bovine leukemia virus transactivator, BLV Tax, augments transcription from three imperfect 21-bp repeats in the viral
transcriptional regulatory region. Each BLV 21-bp repeat contains a cAMP response element (CRE) in the center and unique
5* and 3* neighboring sequences which are crucial for the transcriptional activation by BLV Tax. Here we describe the
interactions of recombinant BLV Tax with cellular bZip proteins. The recombinant BLV Tax, tagged at the carboxy terminus
with a hexahistidine extension, was prepared by solubilization in 6 M guanidine hydrochloride and renaturation on the Ni2/-
chelating Sepharose gel matrix. The renatured BLV TaxH6 activates the BLV LTR when introduced into HeLa cells by scrape
loading. Furthermore, the purified BLV TaxH6 enhances binding of members of the CREB/ATF family of bZip proteins to
CRE motifs by interacting with their bZip domains in vitro. Chemical cross-linking indicates that dimerization of bZip proteins
such as CREB becomes greatly facilitated in the presence of BLV Tax. These results suggest that BLV Tax interacts directly
with CREB/ATF-like factors to activate viral mRNA transcription. q 1995 Academic Press, Inc.
INTRODUCTION flanking the CRE dictate the exclusive inducibility of the
BLV or HTLV-I 21-bp repeats by the respective Tax pro-
Bovine leukemia virus (BLV)3 and human T-lympho- teins (Fujisawa et al., 1989; Montagne et al., 1990; Paca
tropic virus type I (HTLV-I) belong to a group of oncore- Uccaralertkun et al., 1994).
troviruses that encode regulatory proteins Tax and Rex We and others have demonstrated previously that
to modulate viral transcription and mRNA processing HTLV-I Tax forms multiprotein complexes with CREB ho-
and/or transport (for review, see Cullen, 1992). Although modimer and CREB/ATF-1 heterodimer. These com-
a great deal has been learned about the biology and plexes assemble with increased efficiency on the HTLV-
biochemistry of HTLV-I Tax, less is known about the I 21-bp repeats to augment transcription (Zhao and Giam,
mechanisms of action of BLV Tax. Much like HTLV-I Tax, 1991, 1992; Suzuki et al., 1993). The interaction between
the 35-kDa BLV Tax is a nuclear protein which activates HTLV-I Tax and CREB is specific. ATF-1, which shares
transcription from three 21-bp repeats in the transcrip- extensive sequence homology with CREB, interacts with
tional regulatory region of the BLV proviral DNA (Derse
Tax weakly (Zhao and Giam, 1992). HTLV-I Tax has also
and Casey, 1986; Rosen et al., 1986; Derse, 1987). The
been shown to increase the DNA binding efficiency of a
complete BLV 21-bp repeat contains a core CRE motif
wide variety of bZip proteins (Zhao and Giam, 1991, 1992;
flanked by BLV-specific sequences (see Fig. 1C), and
Suzuki et al., 1993; Armstrong et al., 1993) by facilitating
is responsible for mediating transactivation by BLV Tax
their dimerization (Wagner and Green, 1993). In vitro
specifically (Derse, 1987). The HTLV-I Tax-responsive 21-
binding-site selection using Tax-specific antisera has re-
bp repeat (Fig. 1C) also contains a CRE which is, how-
vealed that the Tax:CREB complex binds selectively to a
ever, flanked by unique 5* G-rich and 3* C-rich se-
subset of CRE motifs (TGACGTCA) flanked by long runsquences (Fujisawa et al., 1989; Giam and Xu, 1989; Mon-
of G- and/or C-rich sequences homologous to thosetagne et al., 1990). Interestingly, despite the critical role
found in the viral 21-bp repeats. In contrast, similar analy-the CRE plays in the transactivation response to both
ses indicate that CREB alone binds to a variety of DNABLV Tax and HTLV-I Tax (Giam and Xu, 1989), it alone is
fragments containing the TGACGT motif with no prefer-not sufficient (Fujisawa et al., 1989; Montagne et al., 1990;
ence for specific sequences in the flanking regions (PacaPaca Uccaralertkun et al., 1994). The DNA sequences
Uccaralertkun et al., 1994). The G-rich and C-rich se-
quences flanking the CRE do not affect CREB binding
but are important for the stable incorporation of Tax into1 The first two authors contributed equally to this article.
the ternary Tax:CREB:21-bp repeat complex and for Tax2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (216) 368-2034. transactivation. The function of the G-rich and C-rich se-
3 Abbreviations used: BLV, bovine leukemia virus; HTLV-I, human T- quences appears to be conformational as it is not af-
lymphotropic virus type I; CRE, cAMP response element; CREB, cAMP fected by single base substitutions (Giam and Xu, 1989)response element binding protein; ATF, activating transcription factor;
but becomes abolished by gross sequence alterationsbZip, basic domain–leucine zipper; LTR, long terminal repeat; CAT,
chloramphenicol acetyl transferase. (Fujisawa et al., 1989; Montagne et al., 1990; Paca Uccar-
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FIG. 1. Construction of the BLV Tax expression plasmid pBLV-TaxH6 and purification of the BLV TaxH6 protein using metal ion-chelating Sepharose
chromatography. (A) The complete BLV Tax cDNA was generated by PCR using the eukaryotic expression plasmid pXB-RS DNA as template. The
positions of the second BLV splice donor site (Sd) and acceptor site (Sa) are indicated (Sagata et al., 1985). The forward primer F contains the
nucleotide sequence encoding the first 5 amino acid residues of the BLV Tax with an NcoI site overlapping the ATG initiator codon. The reverse
primer R is complementary to the codons for 5 C-terminal amino acid residues of BLV Tax. Additionally, it allows the incorporation of 6 histidine
codons, a terminator codon, and a BamHI restriction site at the 3* end of the Tax coding sequences. The PCR product containing the BLV cDNA
was then cloned into the pET-11d expression vector via the NcoI and BamHI sites where its expression is driven by the bacteriophage T7 promoter.
(B) SDS–PAGE of protein fractions from various steps of TaxH6 purification as analyzed by Coomassie blue staining (left) and immunoblot with a
BLV Tax antibody raised against a LacZ–BLV Tax fusion protein (right). The samples are total cell proteins from uninduced (lane 1) and IPTG-
induced (lane 2) Escherichia coli; supernatant and wash fractions of sonicated cells (lanes 3–5), insoluble inclusions (lane 6), flowthrough (lane 7)
and wash from Ni2/-chelating Sepharose column (lanes 8 and 9), and fractions eluted with 0.25 M imidazole (lanes 10 and 11). Samples containing
guanidine– HCl were dialyzed prior to the SDS–PAGE. The position of BLV TaxH6 is indicated by an arrow. The high-molecular-weight band
appearing in lanes 3 and 4 in the immunoblot is the E. coli b-galactosidase which cross-reacts with the antisera. (C) Nucleotide sequences of the
HTLV-I and BLV 21-bp repeats used in these studies. The CRE motifs are delineated with blank spaces. (D) BLV TaxH6 is functionally indistinguishable
from the native BLV Tax. DNA transfection of HeLa cells and CAT assays were performed as described previously (Giam and Xu, 1989). Four
micrograms of a reporter plasmid, BLV LTR-CAT, were used in each experiment. Lanes 1–3 contain 1 mg of pBR322, pRSV-BLV Tax, and pRSV-
BLV TaxH6 , respectively. In pRSV-BLV Tax and pRSV-BLV TaxH6 , the expression of BLV Tax and BLV TaxH6 is from the Rous sarcoma virus LTR
(Derse, 1987).
alertkun et al., 1994). DNA footprinting analyses suggest similar biochemical mechanism to modulate viral mRNA
synthesis. We therefore seek to extend the experimentalthat these sequences most likely are not engaged in
direct base-specific contacts with the Tax:CREB complex results from the HTLV-I Tax to study the mechanism of
(Paca Uccaralertkun et al., 1994). BLV Tax function. Here we report the production and
purification of a biologically active BLV Tax protein andThe exclusivity of the response of the BLV and HTLV-
show that, like HTLV-I Tax, BLV Tax enhances dimeriza-I 21-bp repeats to the respective Tax proteins implies
that highly specific protein–protein and protein–DNA in- tion and DNA binding of several bZip proteins in vitro.
This effect of BLV Tax is exerted via the bZip domains.teractions are responsible for the transcriptional activa-
tion. The apparent functional similarities between HTLV- The possibility that the BLV 21-bp repeats may selectively
interact with specific members of the CREB/ATF familyI Tax and BLV Tax further suggest that they may employ a
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of transcription factors to form a nucleoprotein complex Fractions were analyzed by SDS–12% PAGE followed
by Coomassie blue staining and immunoblot. Fractionssuitable for recruitment of the BLV Tax protein is also
discussed. containing BLV TaxH6 were dialyzed against buffer D (20
mM HEPES, pH 7.9, 400 mM KCl, 0.2 mM EDTA, 0.5 mM
PMSF, 0.5 mM DTT, and 20% glycerol) and stored atMATERIALS AND METHODS
0707. The metal-chelating Sepharose in the column was
Construction of the BLV Tax expression plasmids washed with 10 ml of 0.1 M EDTA and 50 ml of distilled
water and regenerated by charging with 6 ml of 2% (w/Full-length BLV Tax cDNA was constructed by PCR
v) nickel sulfate followed by extensive washing to removeusing a forward primer F (AGCTTCCACCATGGCAAG-
free nickel ions.TGTTGTTG), a reverse primer R (GCACGGGATCCTTAA-
TGGTGATGGTGATGGTGAAAAAGGGCGGGAGAG), and
Scrape loading and CAT assayplasmid pXB-RS (Derse, 1987) as template. Primer F hy-
bridizes to the BLV Tax coding region and incorporates HeLa cells were seeded on 60-mm dishes in Dulbec-
an NcoI site overlapping with the initiation codon of BLV co’s modified Eagle’s medium (DMEM) with 10% fetal
Tax. Primer R incorporates codons for 6 histidine resi- bovine serum (FBS) and grown overnight. Care was taken
dues at the COOH-terminal coding sequence of BLV Tax to ensure that at least 75% of the dish area was covered
followed by a terminator codon and a BamHI site. The by cells. The medium was then removed and the cells
PCR-amplified NcoI– BamHI BLV TaxH6 fragment was in- were washed in 5 ml of serum-free DMEM. The cells
serted into the pET11d vector to yield the pET-BLV-TaxH6 were then covered with 100 ml of scrape-loading buffer
plasmid. The pET vector allows expression of the cDNA containing 50 mM NaCl, 5 mM MgCl2 , 10 mM Tris, pH
insert from the bacteriophage T7 promoter driven by the 7.0, 4 mg of BLV TaxH6 , and 1 mg of BLV LTR-CAT. Cells
T7 RNA polymerase under the control of the lacUV5 pro- were scraped with a cell lifter. After 3–5 min at room
moter (Studier et al., 1990). In transient transfection, the temperature, cells were mixed with 5 ml of DMEM plus
BLV TaxH6 cDNA activates the BLV LTR as well as the 10% FBS, reseeded on a new 60-mm dish, and grown in
wild-type BLV Tax (Fig. 1D). a CO2 incubator for another 40 hr. At the end of the
incubation the culture medium was discarded and the
BLV Tax purification and renaturation cells were washed with 5 ml of PBS, collected with
a cell scraper, pelleted in an Eppendorf tube, and
Escherichia coli strain BL21(DE3) containing the pET
assayed for CAT enzyme activities as described (Giam
expression plasmid was grown in LB medium containing
and Xu, 1989).
100 mg/ml ampicillin until A600 nm  0.6–0.8. Cells were
then induced by 0.7 mM isopropyl-b-D-thiogalactopyra- Gel electrophoretic mobility shift assay
noside (IPTG) for 2–3 hr and centrifuged at 10,000 g for
10 min at 47. The cell pellet was stored at 0707. For HTLV-I Tax, CREB, and the various GST–bZip fusion
proteins were purified as reported (Zhao and Giam, 1992;protein purification, the cell pellet from 1 liter of culture
was thawed at room temperature and suspended in 20 Adya et al., 1994). For the formation of the nucleoprotein
complexes, 32P-labeled probes (2000–10,000 cpm each)ml of buffer A (50 mM Tris, pH 8.0, 1 mM EDTA, 100 mM
NaCl) containing 0.5 mM phenylmethylsulfonylfluoride were incubated with purified proteins in the presence of
1 mg poly(dI-dC) for 30 min at 377 [in 10 ml final volume(PMSF). Each 5 ml of cells was sonicated with a Bronson
sonicator at 70% duty cycle for 5 1 1 min over an ice – of 25 mM HEPES (pH 7.0), 20 mM KCl, 0.5 mM EDTA,
0.5 mM DTT, 10% glycerol, and 1 mg of bovine serumsalt bath. Insoluble inclusions were collected in a Sorvall
SS-34 rotor at 47 by centrifugation at 17,000 rpm for 20 albumin/ml]. The 46-bp DNA probe containing the pro-
moter-proximal HTLV-I 21-bp repeat (Fig. 1C) was gener-min. The pellet was washed twice in 20 ml of buffer B
[phosphate-buffered saline (PBS), pH 7.4, 1% Triton X- ated from the plasmid p13 by Bgl II and NcoI digestion.
The probe containing the BLV 21-bp repeat (Fig. 1C) was100] containing 1 M guanidine hydrochloride and then
solubilized in buffer C (PBS, pH 7.4, containing 6 M guani- a 32-bp synthetic double-stranded DNA fragment with
XbaI and XhoI ends. DNA probes were radiolabeled withdine hydrochloride). The insoluble cell debris was re-
moved by centrifugation. The solubilized supernatant [a-32P]dCTP by filling in the 3* recessed ends using the
Klenow enzyme and purified as described previouslywas mixed with 5 ml of Ni2/-chelating Sepharose Fast
Flow (Pharmacia, Uppsala, Sweden), which had been (Giam and Xu, 1989). Aliquots of the binding reaction
were electrophoresed on 6% nondenaturing polyacryl-preequilibrated with buffer C, and swirled at 47 for 30–
60 min. The protein-charged Sepharose was then amide gels (20 1 16 1 0.1 cm, 40:1 acrylamide to bis,
in Tris–glycine buffer) at 47, 10–15 V/cm. Gels were driedpacked into a column (1.5 1 10 cm) and equilibrated in
buffer C. The column was washed sequentially with 20 and autoradiographed after electrophoresis. For experi-
ments involving TATA binding protein (TBP), a 95-bpml of buffer C containing 0.02 M imidazole and 15 ml of
buffer B. BLV TaxH6 was then eluted in PBS (pH 7.4) NcoI–BstUI fragment containing the HTLV-I TATA box
was labeled and purified as described above for probe.containing 0.3 M NaCl, 5% glycerol, and 0.25 M imidazole.
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The TATA-containing probe was incubated with 50 ng was allowed to renature on the column. The refolded
protein was then eluted with PBS containing 0.25 M imid-of purified hexahistidine-tagged TBP in the presence or
absence of BLV Tax. The binding reactions were essen- azole and 0.3 M NaCl (lanes 10 and 11) and the eluant
was dialyzed overnight in buffer D (see Materials andtially the same as above except poly(dG-dC) was used
instead of poly(dI-dC). The TBP/DNA complex was ana- Methods) containing 0.4 M KCl to remove the imidazole.
Renaturation on the Ni2/-chelating Sepharose columnlyzed on a native 3% polyacrylamide (30:1 acrylamide to
bis) gel under conditions described above. was critical for the solubility and activity of BLV TaxH6 ,
most likely due to the absence of intermolecular interac-
tions between the various intermediates of protein fold-Protein cross-linking
ing. When BLV TaxH6 was eluted in 6 M guanidine hydro-
[35S]Methionine-labeled CREB was synthesized by in chloride and 0.25 M imidazole, severe protein aggrega-
vitro transcription–translation using the TnT kit from Pro- tion occurred upon the removal of the denaturant by
mega. The radiolabeled CREB was then incubated in 30 dialysis. Attempts at purification of BLV TaxH6 in 8 M
ml of 25 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, urea also failed to yield a soluble BLV TaxH6 preparation
0.5 mM DTT for 20 min at 377 in the presence or absence (not shown). Finally, dialysis in buffers containing high
of BLV TaxH6 (0.2 mg). Following the incubation, 3 ml of concentrations of KCl or NaCl assisted the solubility of
the cross-linking reagent bis(sulfosuccinimidyl)suberate the BLV TaxH6 .
(BS3) (Pierce) from a 10 mg/ml stock solution was added
to each reaction mixture for 5 min. The reactions were Renatured BLV Tax activates transcription from BLV
quenched for 10 min at 377 by the addition of Tris–HCl, LTR
pH 7.6, to 50 mM final concentration and analyzed by
Transactivation of the indicator plasmid BLV-LTR-CATSDS–12% PAGE.
by the renatured recombinant BLV TaxH6 was deter-
mined following their introduction into the HeLa cells byRESULTS
scrape loading. The activity of the BLV Tax was measured
Expression, renaturation, and purification of by CAT assay 40 hr after scrape loading. As indicated in
recombinant BLV transactivator Tax Fig. 2, the BLV Tax protein obtained from renaturation
was able to activate the BLV LTR–CAT DNA. In a control
In order to understand the mechanism of BLV Tax ac-
experiment in which a BLV Tax expression plasmid, RSV-
tion, we developed expression systems for its synthesis
BLV-Tax, was scrape loaded with the indicator DNA, a
and purification. To this end, the carboxyl-terminal coding
reduced level of transactivation was detected. As ex-
region of the full-length BLV Tax cDNA was tagged with
pected, under the same condition, purified HTLV-I Tax
a hexahistidine coding sequence by PCR as shown in
was able to activate the HTLV-I LTR. In agreement with
Fig. 1A. BLV Tax containing the hexahistidine extension
published results (Derse, 1987), the purified HTLV-I Tax
(BLV TaxH6) at the carboxyl terminus activates the BLV and BLV TaxH6 had no effects on the heterologous LTR–LTR as well as the unmodified BLV Tax (Fig. 1D). The
CAT construct.
BLV TaxH6 cDNA was then placed under the control of
the bacteriophage T7 promoter by insertion into the BLV Tax enhances binding of CREB to CRE motifs
pET11d vector via the NcoI and BamHI sites. The resul-
tant pET11-BLV-TaxH6 plasmid was then used to trans- We have shown previously that HTLV-I Tax and spe-
cific members of the CREB/ATF family of transcriptionform E. coli strain BL21(DE3). Cells harboring the expres-
sion construct were subsequently induced for BLV TaxH6 factors form multiprotein–DNA complexes on Tax-re-
sponsive DNA elements. Further, Tax can increase theexpression by IPTG. Figure 1B shows the SDS–PAGE
analysis of protein fractions from various stages of BLV DNA binding efficiency of a wide variety of bZip proteins
by facilitating their dimerization. To determine if a similarTaxH6 purification visualized by Coomassie blue staining
(left) and immunoblotting (right). As indicated, the major- mechanism may be involved in BLV Tax-mediated gene
activation we studied the effect of purified BLV Tax onity of BLV TaxH6 expressed in E. coli remained in the
insoluble fraction (compare lanes 3, 4, and 5 with lanes the binding of bZip proteins to both BLV and HTLV-I Tax-
responsive elements. To this end, radiolabeled DNA frag-6). To obtain soluble BLV TaxH6 protein for structural and
functional analyses, we made use of the hexahistidine ments containing the 21-bp repeats in the BLV and HTLV-
I LTR (see Fig. 1C) were incubated with purified CREBextension at the carboxyl terminus of BLV TaxH6 . The
insoluble BLV TaxH6 inclusion was washed extensively protein in the presence or absence of either BLV or HTLV-
I Tax, and the resultant complexes were detected by gelin PBS, pH 7.4, containing 1 M guanidine hydrochloride
and 1% Triton and then dissolved in PBS containing 6 M electrophoresis. In the absence of either Tax protein,
CREB bound weakly to both the HTLV and the BLV 21-guanidine hydrochloride (lane 6). The dissolved protein
was bound to the Ni2/-chelating Sepharose via the hexa- bp repeats (Fig. 3A, lanes 1 and 4). When purified BLV
Tax was included in the binding reaction, the mobility ofhistidine extension. After washing with PBS to remove
the denaturant (lanes 8 and 9), the immobilized protein the probe–CREB complex remained unchanged while its
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FIG. 2. In vivo transactivation of BLV LTR by BLV TaxH6 protein. Scrape loading and CAT assay were performed as described under Materials
and Methods. BLV LTR–CAT DNA (1 mg) alone (lane 1) and with RSV–BLV Tax DNA (lane 2) and renatured BLV TaxH6 protein (4 mg each) from
two separate preparations (two fractions each, lanes 3, 4 and 5, 6, respectively). Lanes 7 and 8, HTLV-I 21-bp repeats–CAT DNA alone (1 mg) or
with purified HTLV-I TaxH6 protein (4 mg).
intensity increased greatly irrespective of the 21-bp re- tively and stably assemble on its cognate responsive
element via interaction with CREB. We think it unlikelypeat used in the reaction (Fig. 3A, compare lanes 1 and
4 with 3 and 6). In contrast, addition of HTLV-I Tax to the that other protein contaminants or buffer components
present in the Tax preparations caused the increasedbinding reactions not only enhanced CREB binding but
resulted in the formation of a slower migrating ternary binding. Addition of BSA or the buffer solution in which
BLV Tax is prepared had no effect on the DNA bindingcomplex on the HTLV-I 21-bp repeat (compare lanes 2
and 3) as has been reported previously (Zhao and Giam, of CREB. More importantly, BLV Tax-specific sera dimin-
ished BLV Tax-mediated enhancement of binding while1991, 1992). Therefore, while both HTLV-I Tax and BLV
Tax enhanced CREB binding to the CRE-containing BLV preimmune sera had no effect (compare Fig. 3B, lanes
3 and 4), suggesting that the activity is BLV Tax specific.and HTLV-I 21-bp repeats, only HTLV-I Tax could selec-
Consistent with these results, the BLV Tax contained
in the nuclear extracts of insect cells infected with a
recombinant baculovirus containing the cDNA of BLV Tax
under the polyhedron promoter produced essentially the
same results (not shown).
BLV Tax enhances DNA binding of bZip proteins by
facilitating their dimerization
To determine if BLV Tax, like HTLV-I Tax, enhances
the DNA binding activity of CREB via the CREB bZip
domain, a recombinant protein containing the glutathione
S-transferase (GST) fused to the CREB bZip was tested.
As shown in Fig. 4A, BLV TaxH6 greatly enhanced the
binding of GST–CREB bZip to the BLV 21-bp repeat. The
extent of the enhancement of DNA binding induced by
FIG. 3. (A) BLV TaxH6 increases CREB binding to both HTLV and BLV Tax appears to depend on the concentration of GST –
BLV 21-bp repeats. Nucleoprotein complexes of CREB with radiola- CREB bZip protein. A significant increase in DNA binding
beled HTLV-I 21-bp repeat (lanes 1–3) or BLV 21-bp repeat (lanes 4– as mediated by Tax can be detected when the concentra-
6) formed in the absence or presence of purified HTLV-I or BLV TaxH6 tion of the bZip protein is low (lanes 6 and 7). Underas indicated. The slower migrating band in lane 2 represents the ternary
conditions where the concentration of the bZip proteinTax/CREB/HTLV 21-bp repeat complex. The electrophoretic mobility
shift assay was as described (Zhao and Giam, 1991). (B) BLV Tax is relatively high, as reflected by the level of the nucleo-
antibody diminishes ability of BLV TaxH6 to facilitate CREB binding to protein complex detected in the mobility shift assay, the
the BLV 21-bp repeat. Radiolabeled BLV 21-bp repeat and purified effect of Tax appears to be modest (lanes 2 and 3). This
CREB (lanes 1–4) were incubated without (lane 1) or with 0.1 mg of
activity of BLV TaxH6 was further tested on the bZip re-BLV TaxH6 (lanes 2–4) in the presence of rabbit polyclonal antibodies
gions of other members of the leucine zipper family ofagainst a LacZ–BLV Tax fusion protein (lane 3) or preimmune sera
(lane 4). DNA binding proteins including ATF-1, ATF-2, ATF-3, and
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FIG. 4. (A) Enhancement of DNA binding by Tax depends on the concentration of bZip proteins. Gel electrophoretic mobility shift analysis of
nucleoprotein complexes formed by incubating radiolabeled BLV 21-bp repeat (lane 1) with 50 ng (lanes 2 and 3), 25 ng (lanes 4 and 5) and 12.5
ng (lanes 6 and 7) of GST–CREB bZip fusion protein in the absence (lanes 2, 4, 6) and presence (lanes 3, 5, 7) of 0.1 mg BLV TaxH6 . The ratios of
the levels of nucleoprotein complexes with vs without BLV Tax are 2.1, 2.3, and 3.7, respectively, as measured by a phosphorimager. (B) BLV Tax
increases the DNA binding activity of various members of the bZip protein family. Nucleoprotein complexes of BLV 21-bp repeat with GST–ATF-
1– bZip (lanes 1 and 2), GST– ATF-2–bZip (lanes 3 and 4), GST–ATF-3–bZip (lanes 5 and 6), and GST–Jun–bZip (lanes 7 and 8) were formed in
the absence (lanes 1, 3, 5, and 7) or presence of 0.1 mg of purified BLV TaxH6 (lanes 2, 4, 6, and 8). Approximately 50 ng of each of the bZip
proteins was used. The ratios of the levels of nucleoprotein complexes in the presence vs in the absence of BLV Tax are 3.7, 1.5, 1.4, and 3.1 for
ATF-1, ATF-2, ATF-3, and c-Jun bZip, respectively. (C) Schematic diagrams of the GST–bZip fusion proteins. All GST fusion proteins were constructed
by joining the basic domain– leucine zipper coding sequences to the GST coding region in the plasmid pGEX. Letters indicate the amino acid
residues at the fusion junction of each GST–bZip construct, with 3 from the GST vector and 4 from the basic domains of the bZip proteins. The
amino acid sequences of the bZip domains of the proteins analyzed here have been reported previously (Hai et al., 1989). (D) BLV Tax had no
effect on binding of TBP to a TATA-containing DNA probe. Gel electrophoretic mobility shift assay was as described under Materials and Methods.
Lane 1, probe alone; lane 2, probe and 50 ng of TBP; and lane 3, probe, 50 ng of TBP, and 100 ng BLV Tax.
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many interpretations are possible for these results, we
think one likely explanation for the inability of BLV Tax
to incorporate into a ternary complex may be that the
bZip proteins examined here resemble but are not the
authentic cellular targets of BLV Tax. Alternatively, addi-
tional posttranslational modifications of BLV TaxH6 may
be necessary for activity. The nucleotide sequence of
CREB is highly conserved (Willems et al., 1992). This
makes it unlikely that the lack of stable ternary complex
formation observed here is due to a species difference in
CREB. We have shown recently that a strong interactionFIG. 5. BLV Tax facilitates CREB dimer formation. SDS–PAGE of
between HTLV-I Tax and CREB requires three amino acid[35S]methionine-labeled CREB synthesized by in vitro transcription–
translation (right lane) and after incubation with the cross-linker BS3 residues, 282Ala-Ala-Arg284, near the conserved DNA bind-
in the absence (center lane) and presence of BLV TaxH6 (left lane). ing domain (289RXXKNRXXAAXXCRXRK305) of CREB (Adya
et al., 1994). The corresponding region in other bZip pro-
teins is highly divergent in sequences, consistent with
c-Jun, depicted in Fig. 4C. As shown in Fig. 4B, BLV TaxH6 the high degree of specificity in the formation of the
indiscriminately increased the DNA binding activities of
HTLV-I Tax/CREB/21-bp repeat ternary complex. There-
all proteins tested. The activity of BLV TaxH6 appears to fore, by analogy to the interaction between CREB and
be specific for bZip proteins. No effect on TBP binding
HTLV-I Tax, we speculate that while the bZip proteins
to the BLV TATA element was observed (Fig. 4D). Since
examined here interact with BLV Tax, they lack the spe-
HTLV-I Tax has been shown to enhance binding of bZip
cific domains for stable association with the BLV 21-bp
proteins to the CRE motif by facilitating their dimerization,
repeat and Tax into a ternary nucleoprotein complex. The
we tested if BLV Tax functions similarly. To this end,
involvement of CREB in BLV gene expression, however,
the degree of CREB dimerization was determined by the
has been suggested earlier (Willems et al., 1992; Adam
levels of dimeric CREB covalently linked by a chemical
et al., 1994).
cross-linker, BS3. As shown in Fig. 5, the 35S-labeled
We do not think the increase in DNA binding of bZip
CREB synthesized by in vitro transcription–translation
proteins can explain fully the transcriptional activation
appeared as a 80-kDa protein species in SDS–PAGE
by either HTLV-I or BLV Tax. If so, then it would be difficult
after treatment with BS3. As expected, the addition of
to rationalize the specificity of Tax transactivation of the
BLV TaxH6 to the CREB protein mixture greatly increased homologous 21-bp repeats since both HTLV-I Tax and
the formation of the CREB dimers. From these results,
BLV Tax increase CREB binding to heterologous 21-bp
we conclude that BLV Tax enhances DNA binding of bZip
repeats and other CRE motifs. Previous results have
proteins by facilitating their dimerization.
shown that only CREs flanked by 5* G-rich and 3* C-rich
sequences participate in the stable assembly of a ternary
DISCUSSION
complex with HTLV-I Tax and CREB, and support HTLV-
I Tax transactivation (Paca Uccaralertkun et al., 1994).To define the molecular basis for the transactivation
of the BLV 21-bp repeats by BLV Tax, we have purified The presence of Tax in the ternary complex and its inter-
action with the basal transcription factors is thus criticaland characterized the recombinant Tax protein ex-
pressed in E. coli. The bacterially derived BLV Tax is for HTLV-I Tax transactivation. Likewise, to account for
insoluble and needs to be refolded in vitro to gain solubil- the specificity of BLV Tax transactivation, we propose
ity and activity. For this reason, we also expressed the that the BLV 21-bp repeats, with their CRE motifs located
BLV Tax in insect Sf9 cells using the baculovirus expres- in unique sequence context, most likely interact with spe-
sion vector. This system produced a largely insoluble cific target bZip proteins and BLV Tax to produce a ter-
Tax preparation in relatively low yield which has been nary nucleoprotein complex capable of transcriptional
difficult to purify. We have therefore opted to use the activation. Consistent with this model, BLV Tax has been
bacterially synthesized BLV Tax for this study. shown previously to contain a transactivation domain in
The renatured BLV Tax transactivates the BLV LTR the center portion of its protein sequence (Sagata et al.,
when introduced into HeLa cells by scrape loading. It 1985).
mimics some but not all of the in vitro properties of HTLV-
I Tax. Like HTLV-I Tax, under conditions where the bZip
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